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៝ ⬜ ĉ of the pseudodielectric-function tensor 具共E兲典 = 具 共E兲典 + i具 共E兲典 of
We report the component E
1
2
␥-phase single-crystal InSe, obtained from 1.5 to 9.2 eV by vacuum-ultraviolet spectroscopic
ellipsometry with the sample at room temperature. Overlayer artifacts were reduced as far as
possible by measuring fresh surfaces prepared by cleavage. Accurate critical-point energies of
observed structures were obtained by a combined method of spectral analysis. © 2010 American
Institute of Physics. 关doi:10.1063/1.3420080兴
InSe is a potential material for thin-film solar-cell applications owing to its favorable 共⬃1.2 eV兲 band gap energy,
high 共⬎1000 cm2 / V s兲 carrier mobility, long 共⬎1 mm
within and 5 m across layer兲 diffusion lengths, and opticalquality cleaved surfaces.1,2 With the bulk of the solar spectrum occurring at photon energies greater than 1.2 eV, a
knowledge of its above-band gap optical properties is obviously important not only to design solar cells but also to
verify theoretical calculations of the electronic energy band
structure. While a limited number of optical studies have
been done on InSe, mainly by reflectance techniques,3–5 no
systematic investigation of the dielectric response of this material has yet been reported.
Here, we use vacuum-ultraviolet spectroscopic
ellipsometry 共VUV-SE兲 to determine the component
具⬜共E兲典 = 具⬜1共E兲典 + i具⬜2共E兲典 of the pseudodielectric function 具典 that is perpendicular to the cleavage plane of
␥-phase single-crystal InSe共001兲. Data were obtained from
1.5 to 9.2 eV on freshly cleaved surfaces to minimize overlayer effects. The sample was at room temperature. SE is
particularly well suited for these measurements because it is
highly accurate and allows 具⬜1典 and 具⬜2典 to be measured
simultaneously without need for Kramers–Kronig 共K–K兲
analysis.
␥-phase InSe crystallizes in a layered structure characterized by strong intralayer binding and relatively weak interlayer binding, as occurs in many other III-VI compounds.
The stacking order and energy-band-structure calculations6
suggest that there should be in-plane as well as out-of-plane
anisotropy, such that InSe is optically biaxial. However, our
具⬜典 data show no evidence of in-plane anisotropy, consistent with reflectance studies,3–5 so ␥-InSe can be regarded to
present levels of precision as an optically quasiuniaxial material. 具⬜典 spectra obtained on an optically uniaxial crystal
oriented with the optic axis perpendicular to the crystal surface are a close approximation to the ordinary component o
of the dielectric tensor of the crystal, since the c-axis contribution is reduced approximately by 1 / 具典.7,8 This approxia兲
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mation has been shown to be valid for single-crystal TiO2,
which is highly anisotropic 共兩⌬n兩 ⬇ 0.3兲 below the fundamental absorption edge.8 Although a recent SE study9 of wurtzite
ZnO and GaN found a large discrepancy between 具⬜典 and
o in the transparent and excitonic-absorption regions, the
discrepancy above the band gap is relatively small. Therefore, we consider our 具⬜典 spectra to be a good approximation to o. Rigorous accommodation of the c-axis component
would require the preparation of a specular surface orthogonal to the cleavage plane, which is precluded by the soft
nature of the material, as was also found recently for
In4Se3.10
We obtain critical-point 共CP兲 energies of the structures
observed in our data by a combined reciprocal-/direct-space
analysis method, where the data are first filtered in reciprocal
space 共RS兲, then transformed back to direct space 共DS兲 as
second-energy-derivatives for detailed line shape analysis.11
In RS the information is separated from noise, allowing filtering and differentiation to be done without affecting the CP
parameters.12 While CP parameters can be obtained entirely
in RS, this becomes difficult if the spectral segments being
analyzed contain three or more CPs, as is the situation here.
Then, it is advantageous to back-transform the filtered data
to DS and perform the analysis where the CP structures are
better separated. By first separating the information from
noise, then separating the critical points themselves, we improve accuracy and avoid systematic errors such as phase
reversal and line shape distortions13 that occur in leastsquares polynomial methods such as those described by Savitzky and Golay 共SG兲.14
The sample was a bulk ␥-phase InSe single crystal
grown by the vertical Bridgman method. It was prepared by
cutting the ingot into a rectilinear 8 ⫻ 8 ⫻ 0.2 mm3 block
with the large faces normal to the 关001兴 direction. The
VUV-SE is a rotating-analyzer type equipped with a
computer-controlled MgF2 Berek compensator to improve
accuracy, particularly below the band gap. The angle of incidence was 67°. Each data point represents an average of
100 analyzer revolutions to enhance the signal-to-noise ratio.
Samples were loaded into the SE system as quickly as possible after cleavage. The system was continuously purged
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FIG. 2. 共Color online兲 d2具⬜1典 / dE2 spectra filtered in different ways. Thin
gray line: two applications of three-point differentiation, representing the
minimum possible smoothing. Blue line: DS SG filtering with a fourthdegree polynomial and 11 data points. Red line: Reconstructed from coefficients Gaussian-filtered in RS. Inset: same spectra from 3.0 to 3.5 eV.

lower-degree polynomials or increasing the filtering range,13
unacceptably distort the information and the associated line
shapes. These results are not shown.
The CP energies listed in Table I are obtained with the
standard analytic CP expressions16

FIG. 1. 共a兲 Pseudodielectric function 具⬜典 = 具⬜1典 + i具⬜2典 and 共b兲 pseudorefractive index 具N⬜典 = 具n⬜典 + 具k⬜典 for single-crystal ␥-phase InSe共001兲.

with dry N2 not only to protect the sample surface from
contamination but also to avoid the absorption of light below
190 nm by oxygen and water vapor in the ambient.
Figures 1共a兲 and 1共b兲 present our 具⬜典 = 具⬜1典 + i具⬜2典
and pseudorefractive index 具Ñ⬜典 = 具n⬜典 + i具k⬜典 spectra, respectively. The major optical structures near 3.5, 4.5, and
7.0 eV are in good agreement with previously reported 
spectra obtained by a K–K transformation of reflectance
data.4,5 However, our spectra show several weak structures in
the high-energy transition region that were not clearly observed in previous reflectance measurements.4,5 This may be
due to higher crystalline quality, better minimization of surface artifacts, the advantages in accuracy of SE relative to
reflectance,15 or a combination of the above.
Figure 2 compares d2具⬜1典 / dE2 spectra obtained by different filtering methods to support the above comments on
filtering. The light gray line is the reference d2具⬜1典 / dE2
spectrum calculated from 具⬜1典 by applying the three-pointderivative algorithm twice. This represents the minimum
possible smoothing. The blue line is d2具⬜1典 / dE2 calculated
by SG filtering in DS with the fourth-degree polynomial and
11 data points. The red line is d2具⬜1典 / dE2 calculated as
described above, with Gaussian filtering in RS. There is no
significant difference in line shapes below 7 eV, except for
the amplitude reduction near 3.25 eV that occurs with DS
filtering, as shown more clearly in the inset. However, above
7 eV the signal-to-noise ratio is significantly poorer, and the
spectral features are less pronounced. Here, RS filtering offers a genuine benefit. Attempts to reduce the noise level in
this spectral region by DS analysis, either by employing

再

冎

n共n − 1兲Aei共E − Eg + i⌫兲n−2,n ⫽ 0
d 2
=
,
Aei共E − Eg + i⌫兲−2,n = 0
dE2

共1兲

where A is the amplitude, Eg is the threshold energy, ⌫ is the
broadening parameter, and  is the phase. The exponent n
has the values ⫺1, ⫺1/2, 0, and 1/2 for excitonic, one-, two-,
and three-dimensional line shapes, respectively. Both real
and imaginary parts were fit simultaneously. The open circles
in Fig. 3 give the d2具⬜1典 / dE2 spectrum reconstructed from
Gaussian-filtered RS coefficients as described above. For
clarity we show only one-third of the d2具⬜1典 / dE2 circles
and none of those for d2具⬜2典 / dE2. The solid and dasheddotted lines represent the best-fit curves of the real and
imaginary parts, respectively, for the excitonic line shape n
= −1. This value of n gave the best fit, and was used to obtain
the CP energies listed in Table I. Although not shown, the
quality of the fit to d2具⬜2典 / dE2 is similar.
TABLE I. CP energies of InSe, in eV. Values are for room temperature
except those denoted with “b.”
CP
EA
EB
EC
ED
EE
EF
EG
EH
EI
EJ
EK
EL
a

This work

Ref. 20a

Ref. 3

Ref. 4

2.40
2.75
3.31
3.48
4.07
4.23
4.49
4.96
5.13
6.51
6.96
7.41

2.30
2.70
3.40

2.44
2.83
3.35

2.33b
2.90b
3.45

3.90

3.91

4.40

4.40
4.70

5.20
6.30
6.60
7.40

Theoretical study.
Measured at liquid He temperature.

b

6.30
7.60

4.45
4.70
5.00
5.70
7.00
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tion bands. In contrast, Mamy and Couget5 suggested that
these structures are due to CPs involving deeper valence
bands consisting of In 5s and Se 4s states. Further systematic theoretical investigations are necessary to resolve these
issues. One of our goals is to provide theoreticians with information needed to perform these calculations for InSe and
other III-VI compounds.
This work was supported by the U.S. Department of Energy under Contract No. DE-AC36-08GO28308. The work
done at the Universitat de València was supported in part by
the Spanish Project under Grant No. MAT2007-66129.
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FIG. 3. 共Color online兲 Red and blue solid lines: best-fit curves for
d2具⬜1典 / dE2 and d2具⬜2典 / dE2, respectively, of InSe. Open circles: real part
of the corresponding data filtered in RS. For clarity only one-third of the
circles are shown.

The complicated nature of the energy band structure of
InSe and related materials makes the unambiguous identification of the origins of the structures observed experimentally a difficult challenge.3 Nevertheless, there is a consensus
that the first two above-band gap CP structures, EA and EB at
2.40 and 2.75 eV in Table I, result from the excitation of
Se px py electrons to the conduction band minimum at the ⌫
point of the Brillouin zone 共BZ兲.4,17,18 The energy separation
results from the spin-orbit splitting of the Se px py bands,
which from our data is 0.35 eV. Our data also show that the
energy separation between the top valence band, of Se pz
character, and the next highest valence band, of Se px py
character, is 1.2 eV at the ⌫ point. We obtain this by subtracting the 1.2 eV energy19 of the fundamental absorption
edge from the 2.4 eV energy that we observe for EA. This
value is in excellent agreement with a previous opticalabsorption study18 and theoretical predictions.18
The BZ origins of the higher-energy CPs remain uncertain. Piacentini et al.4 attributed the EC CP at 3.31 eV to
transitions from the valence band maximum to the third
group of conduction bands at or near the ⌫ point but also
considered other possibilities. They assigned the broad band
of CP structures from 4 to 6 eV to excitation of Se px py
electrons to either the second or the third group of conduc-
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